Kaon Condensation and Lambda-Nucleon Loop in the 
Relativist ic Mean-Field Approach 

. Tomoyuki Maruyama"'*''^ Takumi Muto*^, Toshitaka Tatsumi*^, 

^ I Kazuo Tsushima-^'^''^ and Anthony W. Thomas* 

^ ■ " Institute for Nuclear Theory, University of Washington, Seattle, WA 98195, USA 

, ^ ! College of Bioresource Science, Nihon University, Fujisawa 252-8510, Japan 

Japan Atomic Energy Research Institute, Tokai 319-1195, Japan 

OO ; 

, ''Chiba Institute of Technology, Narashino, Chiba 275-0023, Japan 

\ "^Department of Physics, Kyoto University, Kyoto 606-8502, Japan 

^ ■ ■''Instituto de Fisica Teorica - UNESP, 01405-900, Sao Paulo, Brazil 

^ : ^Mackenzie University - FCBEE, 01302-907, Sao Paulo, Brazil 

^ I '^National Center for Theoretical Sciences at Taipei, Taipei 10617, Taiwan 

^ 'Jefferson Laboratory, 12000 Jefferson Ave., Newport News, VA 23606 USA 

February 9, 2008 

o ■ 



X 



Abstract 

The possibility of kaon condensation in high-density symmetric nuclear matter is inves- 
tigated including both s- and p-wave kaon-baryon interactions within the rclativistic mean- 
field (RMF) theory. Above a certain density, we have a collective Ks state carrying the 
same quantum numbers as the antikaon. The appearance of the state is caused by the 
time component of the axial-vector interaction between kaons and baryons. It is shown that 
the system becomes unstable with respect to condensation of K-Kg pairs. We consider how 
the effective baryon masses affect the kaon self-energy coming from the time component 
of the axial-vector interaction. Also, the role of the spatial component of the axial-vector 
interaction on the possible existence of the collective kaonic states is discussed in connec- 
tion with A- mixing effects in the ground state of high-density matter. Implications of KK^ 
condensation for high-energy heavy-ion collisions are briefly mentioned. 
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1 Introduction 



The modification of kaon properties in high-density/temperature hadronic matter has been 
attracting much interest in the field of hadron physics, including the strangeness degree of free- 
dom in heavy- ion collisions, especially in relation to kaon and/or antikaon production. Specifi- 
cally, since the possible existence of antikaon condensation was suggested in neutron stars P, its 
implications for astrophysical phenomena have been widely discussed [21 El S El • The examples 
are effects of softening of the equation of state on the static and dynamic properties of neutron 
stars EllHlini lini 111! I12j and thermal evolution of neutron stars through extra mechanisms of 
neutrino emission ^1 El El El El • 

It has been shown that the s-wave antikaon-nucleon (KN) attractive interactions given by 
the scalar interaction simulated by the KN sigma term (Tikn) and the vector interaction corre- 
sponding to the Tomozawa- Weinberg term work as the main driving forces for kaon condensation. 
The same conclusion was obtained with scalar and vector interactions in the quark-meson cou- 
pling (QMC) model, but based on quark degrees of freedom|l8.,. In neutron-star matter, the 
lowest antikaon excitation energy, Wmim decreases because of these s-wave KN interactions. At 
a certain density, Wmin meets the antikaon chemical potential, which is equal to the electron 
chemical potential through the chemical equilibrium condition with respect to the weak inter- 
action processes, nn ^ npK^ and nn ^ npe~ . At this density, the system becomes unstable 
with respect to Bose-Einstein condensation (BEC) of the antikaons through the weak interaction 
processes, nn npK^ , Ne'^ NK^u^ 19 . As a result, net strangeness is abundant in the 
fully-developed -fC~-condensed phase. 

On the other hand, in relativistic heavy-ion collisions, it is expected that many species 
of hadrons, in particular, a lot of strange particles, are produced in the hot and dense zone, 
where total strangeness is conserved because the typical time scales of the strong interaction are 
O(10~^^) sec, being much shorter than those of the strangeness-changing weak interaction. In 
such a strangeness- conserving system, hyperons and kaons are produced through the following 
typical reactions, A^A^ — > NNKK, NN NAK. It has been suggested by Nelson and Kaplan 
[20) that K~^ K~ (K^ K^)-pair condensation would occur in relativistic heavy-ion collisions. As 
the density increases, the lowest energy of K^{K^) is reduced by the s-wave KN interaction 
(mainly by the i^A^-sigma term, Tj^n ) and the energy of K^(K^) eventually becomes equal to 
the strangeness chemical potential fj.s{= (J-k), while that of Ar~(Ar'^) reaches —fiR simultaneously, 
and K^ K^ (K^ K^)-peiiT condensation occurs without loss of energy. However, their conclusion 
seems to be unlikely in light of the subsequent studies of the kaon properties in medium; the 
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X"*" excitation energy acquires repulsion instead of attraction j2H I22j. Moreover, only nucleon 
matter was considered in Ref. jJOj but no hyperon degrees of freedom was taken into account. 

Concerning strange particle production, hyperon and kaon pairs are expected to be produced 
more favorably than kaon-antikaon pairs because of the different threshold energy: the produc- 
tion energy of the lambda and kaon pair might be smaller than that of kaon and antikaon pair. 
In the case of lambda-kaon pair production, the strange baryon chemical potential increases as 
the baryon density increases, and so the strangeness chemical potential, fix, has to increase so 
as to ensure strangeness conservation for the system. When the lowest excitation energy of the 
becomes equal to ^k, BEC occurs. Following this mechanism, the possibility of kaon {K~^) 
condensation in relativistic heavy- ion collisions has been discussed within hadronic models P^. 

Triggered by the studies of kaon condensation, the kaon-nucleon interaction in nuclei, in par- 
ticular the antikaon optical potential, has been elaborated in connection with kaonic atoms PH 
I25| . subthreshold kaon and antikaon production in heavy- ion collisions and/or proton-nucleus 
collisions |26[ \27\ I28j. The nature of the A(1405) in nuclear matter has been discussed in re- 
lation to the s-wave antikaon-nucleon scattering amplitude |291 OUj . In line with their studies, 
theoretical work has been carried out on the antikaon optical potential with coupled channel 
approaches based on chiral models [HH \',V2 \ IHH] . or with a reaction matrix method 34 . There is 
still some controversy about the magnitude of the depth of the antikaon optical potential |35j. 
On the assumption that the A(1405) is a bound state of the antikaon and nucleon due to the 
strongly attractive antikaon-nucleon interaction, deeply bound kaonic nuclei have been recently 
proposed [Hni EZI EHl 5 and some experimental evidence has been report ed[39j. 

For the kaons, it has been shown that the modification influences kaon production in heavy- 
ion collisions j4()| I4H I42j , the dilepton production rate in the Relativistic Boltzmann-Uhling- 
Uhlenbeck approach (RBUU) and/or the structure of the fireball |44j . 

Meanwhile, recent hypernuclear experiments have opened a new stage to explore the hyperon- 
nucleon and hyperon- hyperon interactions [ISI- The information obtained in these studies of 
in-medium kaon dynamics in nuclei and hypernuclear physics may in turn provide us with a 
clue to clarify the interrelations between kaons and hyperons and the existence of kaon/antikaon 
condensations formed in heavy-ion collisions and/or in neutron stars. In case of neutron stars, 
hyperon-mixing in a dense matter has been discussed in a realistic situation |46 | 1471 148| \49 \ IHH] . 
The interplay between kaons and hyperons has been considered by several authors [1^ 1471 1511 1521 
1531 1541 IS^ . In particular, mechanisms for kaon condensation caused by the p-wave kaon-baryon 
interaction have been elucidated [5 H [52 l Ib H l55] . 
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In order to study the high-density hadronic matter reaUzed in heavy-ion colHsions, relativistic 
covariant kinematics is necessary. A plausible approach is the relativistic mean-field (RMF) 
theory, where meson-baryon interactions are naturally incorporated in the relativistic framework. 
The possibility of producing strange hadronic matter in relativistic heavy-ion collisions was 
suggested on the basis of the RMF approach, where the abundance of A or other hyperons 
overwhelms that of the nucleons [561 157j . However, only baryons were considered in Ref. |56ll57j 
rather than kaons, which are the lightest mesons carrying strangeness. Because the properties 
of kaons are expected to be modified significantly by the surrounding nuclear medium, it is 
necessary to take them into account properly to explore the strange hadronic matter as well as 
hyperons. 

In previous work, two of the authors (T. Maruyama and T. T.) studied |58[ I59j strange 
hadronic matter by extending the relativistic mean-field (RMF) theory to incorporate nucleons, 
A hyperons and kaons, which are essential degrees of freedom. These authors showed the pos- 
sibility of ivr+(i<r'^ )-condensation in high-density nuclear matter. When it occurs, the nucleon 
decays to a kaon-lambda (K-A) pair spontaneously. As a relativistic effect, it has been shown in 
Refs. jTl |H] that the energy gain due to kaon condensation is moderated in neutron-star matter 
by the self -suppression mechanism, which is caused by the suppression of the s-wave scalar 
interaction simulated by the i^A^-sigma term ( Tikn ); due to the small effective nucleon mass. 
This self-suppression effect should also reveal itself in symmetric nuclear matter. 

In this paper, we extend the formalism of Ref. [SHI to incorporate the lambda-nucleon {A-N) 
loop into the kaon self-energy, and study kaon properties in dense symmetric nuclear matter. 
First, the solutions to the dispersion equation for the kaon are obtained by including the real part 
of the kaon self-energy. We find two collective modes in addition to the usual kaon and antikaon 
ones. However, we show that one of the collective modes, which lies within the continuum region 
of the A particle-nucleon hole excitation, does not really exist on the physical sheet, by analyzing 
the dispersion equation in the complex energy plane. ^ We discuss in detail the effects of the 
p-wave kaon-baryon interaction of the axial- vector coupling on the kaon dispersion relations and 
clarify the onset mechanisms of kaon condensation in the relativistic framework. 

The paper is organized as follows. In Sec. 2, we present the formalism for the expression of 
the A-A^ loop contribution to the kaon self-energy in the RMF theory. Section 3 gives numerical 
results and related discussion. In Sec. 4, we discuss the effects of the baryon masses on the 
A-A^ loop contribution to the kaon self-energy coming from the time component of the axial- 
^Detailed analysis of the pion dispersion equation in the complex energy plane has also been done in Ref. |60| . 
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vector coupling. Hyperon-mixing effects are also addressed with reference to kaon condensation 
in neutron-star matter. Section 5 is devoted to a summary and concluding remarks. In the 
Appendix, we analyze the existence of the collective kaonic states by considering the solution to 
the dispersion equation in the complex kaon energy plane. 



2 Formalism 

First, we briefly explain the basic formalism. We use the Lagrangian density: 



+ 



+ipAii^ - Ma)4^a + g^^ATpACT + g^il)Alt,il^A^^ - U[a] + -m^w^u;^ 



+if'ipAl5l^'4^Nd^(t)K + h.C, (1) 



where Va^j V'Ai c, uo and (pK are the nucleon, lambda, sigma-meson, omega-meson and kaon 
fields, respectively, U[a] is the self-energy potential of the scalar mean-field given in Refs. [7| 
/ (~ 93 MeV) the meson decay constant, and mx is the kaon mass. In Eq.lpQ), isospin- 
dependent interaction terms are suppressed, except for the KN interaction, because we will 
treat only the isospin symmetric system in this study. Furthermore, we assume that the kaon- 
nucleon interaction is given solely by the KN sigma term, Tikn ■, and the Tomozawa- Weinberg 
(TW) type vector interaction. The latter interaction is introduced in the same scheme as the 
"minimal" coupling between the kaon current and vector mesons in the one-boson-exchange 
(OBE) modelll^.2 The last term in Eq. ((U is the p-wave kaon-baryon interaction with the 
axial-vector coupling with /(= /kna/it^k) being the KNA coupling constant divided by the 
kaon mass. We take f = {D + 3F)/(2V3/) ~ 0.61//, with L>(=0.81) and F (=0.44) being the 
coefficients of the axial-vector coupling terms for the kaon-baryon interaction in the effective 
chiral Lagrangian[T| 151] . 

Then, the propagators for nucleon and lambda are given by 



Sn{p) = {f + M^ 



N) 



1 tTT 



p*^ — + 10 



^This coupling scheme is different from that used in the standard chiral perturbation theory HI El El- Nev- 
ertheless, the quantitative difference is small between the two coupling schemes. 
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respectively, where M* (a = N, A) and p* are the effective mass and momentum of the corre- 
sponding particles defined by 

M^(^) = M;v(A)-C/.(A^(A)), (4) 
Pi = P,-Uo{N{A))6l (5) 



£7V(A)(P) = E*^^^^{p) + Uo{N{A)). (7) 

In the above, Ug and C/q are the scalar and vector self-energies, respectively, given by 

Us{N{A)) = gA9^){a), (8) 
Uo{N{A)) = ^ME^p^, (9) 

with /97V being the nucleon number density. 

Now we consider the kaon self-energy arising from the A-A'^ loop. First, we define the prop- 
agator of the kaon with momentum q = (qo; q) as 

D-^\q) = ^-\q)-IiK{q), 

= {qo-Uo{K)f-q^-m*j^-UK{q), (10) 

with 

m*^ = ml-Y.KNPs{N)/f\ (11) 
^o(i^) = ^Piv, (12) 

where Ps{Al) is the nucleon scalar density. In Eq. (|lfl)) . Hk stands for the kaon self-energy 
contribution from the A-A^ loop, which is given by 

IlK{q)=ipl ^TV{^75Sa(p-<z)75^5^(p)}. (13) 

Substituting Eqs.Q and ^ into Ea.p3|). one obtains the A particle-nucleon hole (AA^^-*^) 
contribution'^ to the kaon self-energy: 



2{p ■ qf - 2{p ■ q){q* ■ q) + q\p ■ q* - Mff - M*^Ml 

X 



2q* - p- - + Mf - i6 



*2 _ 

, (14) 



The superscript denotes a hole state. 
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where 



q; = q^ + AUo5% (15) 
AUo = Uo{A)-Uo{N). (16) 

For later discussions, we give also the kaon self-energy at Q = |q| =0: 

UK{qo,Q-0)--,f qoj ^^(p) qf-2q*EM+M*^^-Mf + ^6 ' ^'^^ 

Note that the kaon self-energy, n;^(go;0), has non-zero imaginary parts in two energy regions: 
e7v(0)-eA(0) <qo< eNiPFiN))-eAiPFiN)) and ejv(O) +eA(0) < qo < £NiPFiN))+eAipFiN)) 
(with pf{N) the Fermi momentum of the nucleon), because the integrand in Ea. (|17() diverges 
at p = pc with 



p, = J ^^^o -"^^ -a;jiwo^^^^7v; t!lAJl, (ig) 



'[(gS - M^)2 - Mf)][(gg + M]^)2 - MX^)] 

These two regions correspond to the A particle - nucleon hole (AA^~^) and anti-A - nucleon hole 
(AA^^-*^) continuum states. Accordingly, the above continuum states appear as branch cuts of 
Dj^^{qo; q) in the complex go plane. In the actual calculation we define energies of kaonic states 
as pole energies, a), of ReL'^^((7o; q), ^GD^{qQ = Lo;q) = 0. 

It is to be noted that the second-order perturbation with respect to the axial-vector current 
(the second-order effect, abbreviated as SOE) which leads to the same order as that of the KN 
sigma term [0(m|^) ], is necessary in order to reproduce the on-shell s-wave K {K)-N scattering 
lengths pi 01 111151 1^ . The SOE consists of the smooth part proportional to q^ and the pole part 
from the A(1405). In matter, it has been shown that the SOE becomes negligible for the K~ 
self-energy owing to the decrease in the K~ energy, while it works repulsively for the with 
a sizable increase in the energy from the free kaon mass. However, as we see in Sec. 13.21 
the repulsive effect on the K'^ is reproduced (at least qualitatively) without the SOE in the 
relativistic framework, as a result of the self-suppression mechanism for the s-wave KN scalar 
interaction [3 |H]. Therefore, throughout this paper, we omit the SOE and consider the simplified 
expression for the kaon self-energy in nuclear matter. 

3 Numerical results 

3.1 Parameters 

We use the parameter sets of PMl [71, which give the binding energy per baryon BE = 16 
MeV, M'^/Mn = 0.7 at po= 0.17 fm~^. The KN sigma term has some ambiguities, and its 



value is taken to be 'Skn = 400 MeV here, as an example [OS!- We consider only the matter 
with no net strangeness, and parameterize the scalar and vector (time component) parts for the 
A-self-energy as 

UsiA) = CsUs{N) and Uo{A) = coUo{N) , (19) 

respectively. Following Ref. j^S], we adopt two parameter sets for the coupling of A to the 
nucleon mean-fields. One set (LI) is that Cg = cq = 2/3 based on the SU{6) symmetry relation 
|64j . and the other set (L2) is that cq = 0.17 (which is the minimum value given in Ref. ^1), 
and Cg is obtained by the following relation, 

Us{A)-Uo{A) = '^{Us{N)-Uo{N)). (20) 

A similar relation is found naturally within the QMC model 

3.2 Condensation of K-Kg pairs with null momentum 

First, we consider the pole energy, tD, of the kaon propagator with zero momentum 
{ReD~^{uj]Q) = 0). The effect of finite momentum, Q = |q| 7^ 0, will be discussed sepa- 
rately. At Q = 0, the self-energy from the A-A^ loop comes only from the time component of 
the axial-vector coupling term for the kaon-baryon interaction [ Eq. (|17|) ] . In Fig. we show 
the density-dependence of uj in the no-net-strangeness system {p\ = px = 0) using the two pa- 
rameter sets PMl-Ll (a) and PM1-L2 (b). The solid and dashed lines represent the results with 
and without the A-A^ loop, respectively. For a reference, we also plot the density-dependence 
of minus the AA^~-^ energy with zero momentum, —A£f^N{pp{N)) = ej\[{pp{N)) — eAippi^)) 
[-AeAAr(O) = eAr(O) - eA(0)] {eNippiN)) - eA(0)} with the dotted [thin-dotted] {thin-long- 
dashed} line. 

In case of no A-A^ loop, there are two branches corresponding to K^(K^) and K^{K^). 
Noting that the energy of the antikaon branch K^{K^) should be read as — cD, we denote the 
energy as u)k{K) = Co for the kaon, and u:k{K) = —uo for the antikaon, K. The kaon energy 
increases monotonically as density increases, while the antikaon energy decreases. As a result, 
the critical condition for K^K~{K^K^)- pair condensation, ujk{K) +ll!k{K) = 0, proposed in 
Ref. 20 is never met at any baryon number density. In Ref. [SHI ? two of the authors instead 
proposed the K^{K^) condensation scenario, where the nucleon on the Fermi surface decays 
into the lambda and kaon pair when the nucleon Fermi energy becomes larger than the total 
energy of the lambda mass and the kaon mass. In Fig. ^ we can see that this condensation 
occurs in the density region where the dashed lines are smaller than the thin-long-dashed lines. 
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The critical density of the K^{K^) condensation is about 16 po for PMl-Ll and 6 po for PM1-L2 
parameter sets, respectively. The former cannot be seen in Fig. 

Introducing the AA^~^ loop contribution, however, tj exhibits a complicated density-dependence 
as shown by the solid lines in Fig. 1. First, we can see that the A-A^ loop contributes very little 
to the K~{K^) energy in the whole density region. As for the K^{K^) energy, this effect is also 
small in the low density region, while it becomes pronounced as the density increases. 

We can see two additional branches, denoted by Ks and Kg, simultaneously appearing above a 
certain density, pi^\ which satisfies Aeaa^ (pf(A^)) = 0. The density p^c^ can be read as 4.0 po for 
PMl-Ll and 3.0 po for PM1-L2. These branches have the same quantum numbers as antikaons 
and kaons, respectively, as shown below. As the density increases, the energy difference between 
Ks and Kg becomes larger and the K~^{K^) branch merges with the Ks branch at a density, 
p^\ and there only the K~{K^) and Ks branches are left above that density. The density p^^ 
is read as 7.2 po for PMl-Ll and 4.9 po for PM1-L2. 

In order to analyze the results more in detail, we show in Fig. [JJthe self-energy, ReIIi^(go; 0) 
(solid lines), and the inverse of kaon propagator without the A — loop, A^-'^((7o;0) (dashed 
lines), as functions of qo with the parameter set PMl-Ll for pB= 4.1 po (a), 6 po (b) and 8 po 
(c). The dotted lines denote the boundaries of the AA^~^ continuum region: qq = —Ae\j\[{0) 
for the lower boundary and qq = —Ae\N{pF{N)) for the higher one. The energies go at the 
intersection points of the solid and dashed lines indicate the pole energies tD of Rei^i^ (go; 0). 
There are four intersection points of KeIlK{qo', 0) with Aj^{qQ; 0) in Fig.Eb- The residue at the 
pole, l/{dReD]^^/dqo) go=(i) is negative for the first and the third poles in the increasing order 
of u) and positive for the second and the fourth poles. From the sign of the residue for each 
pole, we can assign the strangeness of these states, s = —1, +1, —1 and +1 in increasing order 
of cD, which are called K, Ks, Ks, and K. Note that dJleD'^^ / dqo ~ dAj^ /dqo for the first and 
fourth poles, while dReD^^ / dqo ~ —dRellK/dqo for the second and third poles. 

Here we must mention that the above calculations have been done by the use of the real 
part of the self-energy, ReIlK{qo'^0)- If these pole energies give the vanishing imaginary part, 
lmIlK{ijj',0) = 0, they are mathematically verified and physical modes. K,K,Ks satisfy this 
criterion. However, if it gives a finite imaginary part, lmn/^(ti;;0) 7^ 0, we must carefully check 
whether it has a physical meaning. Actually, the pole energy of Ks gives a finite imaginary 
part, because it lies in the AA^^^ continuum region. We can see that Ks is an unphysical 
branch by extending our analysis in the complex plane: directly solving the dispersion equation, 
D'^^{qo;0) = 0, in the complex qo plane, we cannot find any pole corresponding to Ks on the 



9 



physical sheet. The situation is unchanged even in nonrelativistic kinematics. More detailed 
discussions are given in the Appendix. 

We can examine the appearance and disappearance of the Kg and Kg modes more carefully. 
In Eq. (|T7|) the integrand has a singular point, at qo = — AeAAf(p)- As the kaon energy qq 
decreases, the momentum integral becomes divergent at the point, qo = —Ae\j\f{PF), because 
KeIlK{qo', 0) ~ — log \ qo+Ae\N{pF{N))\- Then, there appears a collective pole oiReDK{qo', 0) 
(Kg) in the region go > — AeAiv(PF(-^))- Further decreasing qo, one finds that the singular point 
given by qo = — AeAAf(p) lies in the continuum region, i.e., — AeAAf(O) < qo < —AeANippi^)), 
and the sign of the integrand changes when crossing the singular point. Thus the sign of 
Renft'(go;0) changes in the region — AeAiv(O) < qo < — A^AAf Subsequently another 
unphysical collective pole of ReDi^ ((/o; 0) (Kg) appears in this continuum region. 

Note that ReHi^ (go; 0) = at go = because of the pre- factor q^ in Ea. ((T7|) . and that there 
is no collective mode when the minus AA^~^ energy Ae\N{pF{N)) = 0. Furthermore, this factor 
also makes the divergent peak very narrow, and the difference between the two pole energies 
becomes very small when the minus A- hole energy | A6AA'^(pi^(A^))| 1 (see Fig. 2a). 

In principle this divergence occurs at any density except p'^\ where go = —AeANippiN)), 
but the peak is too tight and cannot be obtained numerically at lower density pB < p^P ■ This 
divergence is caused by the rigid Fermi surface. If we take into account the high momentum 
tail in the momentum distribution function n(p), the minimum depth of the kaon self-energy 
Ren/^(go;0) becomes finite. In such a low energy region, ps < Pc^\ the kaon self-energy does 
not have even a peak, and the collective modes must disappear. 

From these results, we conclude that there exists only one collective mode. Kg, which is 
physically meaningful. As the density increases, the nucleon Fermi energy exceeds the kaon 
energy and the collective mode. Kg, appears with zero energy at p'^\ which is a signal for 
an instability of nuclear matter. Kg condensation. However, it carries strangeness —1 and we 
cannot observe such an instability in nuclear matter due to the conservation of strangeness in 
strong-interaction processes. With a further increase in density, the kaon (K) and the collective 
(Kg) branches merge at pB = Pc , where the double-pole condition, ReZ)^ (9o;0) = and 
dKeDj^^{qo;0)/dqo = 0, is satisfied. As already mentioned, the actual energies of the K and 
Kg branches must have the opposite sign to the pole energies. Thus, at this critical density 

(2) 

Pc , the sum of the two energies of the K and Kg branches becomes zero, and the K and Kg 
pair spontaneously appears. This indicates a kind of kaon condensation, namely KKg conden- 
sation. It is worth mentioning that this mechanism of pair condensation is similar to that of 
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p-wave charged pion condensation in neutron-star matter [HHllHTj. In the case of in- medium pion 
dispersion relations, the spin-isospin sound mode called vr^, carrying the quantum number of 
vr"'", appears through the proton particle - neutron hole excitations induced by the p-wave vrA^ 
interaction. At a certain density, the system becomes unstable with respect to creation of vr^vr^ 
pairs. 

In Fig. 131 we show the density dependence of lok at Q = in PMl-Ll parameter set, where 
the solid, chain-dotted and dashed lines represent ojk of K, K and Ks, respectively. 

3.3 Effects of finite kaon momentum (Q 7^ case) 

In order to discuss the effects of the p-wave interaction coming from the spatial component 
of the axial-vector interaction on the kaon self-energy, we show, in Fig. 0J the kaon dispersion 
relations at densities pb = ^ Po (a) and 5 po (b) for the PM1-L2 parameter set. The solid and 
dashed lines indicate the kaon energies with and without the A-A^ loop contribution, respectively. 
For reference, we also plot the energy of the free kaon with the chain-dotted line. The area 
surrounded by the two dotted lines is the continuum region, where the kaonic modes are unstable. 
One can immediately notice in Fig.0]that the A-A^ loop contribution to the self-energy for the K 
state is attractive, but the total self-energy still gives a repulsive contribution for low densities 
because of the TW term. 

In Fig. 0] (a), the density pB (=3.0 po) is just the critical density for the appearance of the 
Kg mode with null momentum, but still lower than the critical density at which the collective 
Kg mode with a finite momentum Q appears on the upper boundary of the continuum region, 
a) = eAr(pir(A^)) — eAippi^) — Q) for finite Q. Thus the Kg mode exists only with Q = Q 
at this density. In Fig. 0] (b), on the other hand, the density pB (=5.0 po) is larger than the 
critical density pc (= 4.9 pq) at which the normal kaon state and Ks state disappear with 
Q = 0. These two modes K and Kg actually appear with a finite momentum Q at this density. 
Note that the branches inside the continuum region have no physical meaning, because they 
are not the real solutions of the dispersion equation, D^^{qo;Q) = 0. At a certain value of 
Q ~ 150MeV, the K and Kg come together just outside the continuum region, which may imply 

another instability with respect to KKg condensation with a finite momentum. However, KKg 

(2) 

condensation actually proceeds at the lower critical density pc (=4.9 po) with Q = 0. 

We should comment on why the results in the density region pi^^ < Pb < P^c^ have not been 
shown in Fig. |11 In reality, the collective Kg mode also exists with a small momentum outside the 
continuum region. However, because the minimum of ReHi^(qo; Q) has a finite depth, we cannot 
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plot this dispersion relation clearly in the figure. Instead, in Fig. El we plot the contribution from 
the A-A^ loop to the kaon self-energy IieIlK{Qo]Q) at pB = 4.5 po with the PM1-L2 parameter 
set in solid lines. The momentum is taken to be Q = MeV/c for (a), 30 MeV/c for (b) and 60 
MeV/c for (c). The dashed lines indicate A~^(go;<5)- As the momentum Q increases, starting 
with zero, the depth at the minimum of KellKiQo'iQ) becomes shallower rapidly, and even the 
Kg branch enters the continuum region, where both the Kg and Kg are unphysical solutions to 
the dispersion equation, KeD]^^ {qo; Q) = 0. These apparent states disappear around Q ^ 60 
(MeV/c) . 

In general, as the momentum Q increases {Q > 100 MeV/c), the minimum depth of the 
self-energy turns to be deeper again, and the position of the minimum shifts to a higher qq. At 
the same time, the width around the minimum becomes broad. ^ The collective Kg mode, if it 
should be formed, has a pole energy oj outside the upper boundary of the continuum region, 
where the AA^~^ self-energy is attractive, and the attraction becomes large as Q increases for 
sufficiently large Q. However, this attraction is not enough to overwhelm the increase of the 
kaon kinetic energy: In Fig. [21 even for a large 60 MeV/c), we have no point of intersection 
of the solid curve with the dashed curve in the vicinity of the minimum. After all, the Kg state, 
once disappearing at Q ~ 60 MeV/c, does not appear again for sufficiently large Q. Thus, it is 
concluded that, in symmetric nuclear matter, the onset of KKg pair condensation is attributed 
to the A-A^ loop contribution to the self-energy from the time component of the axial-vector 
interaction and that the p-wave interaction from the finite kaon momentum Q does not assist 
the onset of KKg condensation.^ 

This result, namely that the p-wave interaction given by the finite Q is not significant over 
the relevant densities in symmetric nuclear matter, is consistent with that obtained in Ref. |f)lj . 
where the role of the p-wave kaon-baryon interaction on kaon condensation was considered in 
neutron matter within a nonrelativistic framework. It was shown that antikaon (K^) conden- 
sation is realized first from normal neutron matter at the lower density as a result of the s-wave 

scalar and vector attractive interactions brought about by the KN sigma term and the TW 

^In the nonrelativistic framework, the Migdal function is usually used for the p-wave part of the particle-hole 

contribution to the meson self-ener6rv |55l IHHl 167) . There is a qualitative agreement between the relativistic form of 

the particle-hole contribution to the self-energy and the nonrelativistic one with regard to the following features: 

(i) the two extrema exist with negative and positive values within the boundaries of the continuum region, (ii) 

As the meson momentum increases, the minimum point shifts to a large qo, the depth of the minimum increases 

as does the width around the minimum. 

^The sizable attractive contribution from the time component of the axial-vector interaction to the kaon 

self-energy has also been pointed out in case of neutron star matter within a relativistic framework in Ref. |55|. 
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term, respectively. Furthermore, p-wave K~ condensation starts at a higher density and with 
finite momentum, accompanied by hyperon excitation, only after the development of the s-wave 
-fr~condensed phase. In this respect, the p-wave kaon-baryon interaction is not responsible for 
the onset of kaon condensation realized from the normal phase. ^ 

In Fig. 0J we have seen that the energy of the K state is higher than the free kaon energy 
especially in the high momentum region. This result shows us that the potential is totally 
repulsive. It has been shown experimentally that only the elliptic flow of is out-of-plane, 
while other kinds of elliptic flow, such as nucleon and pion, occur in-plane, which is again consis- 
tent with the potential in high density matter being repulsive This experimental result 
is consistent with our theoretical result. With regard to the possible experimental observation 
of KKg condensation, we can expect exotic processes caused by KKs pair production in high- 
energy heavy-ion collisions. Such processes imply the enhancement of A and K production. In 
these processes, the final states must be K-K pairs, because Kg is a collective mode made from 
lambda-particle and nucleon-hole states, and most of the Kg modes are expected to be absorbed 
by the nucleons. 

4 Discussions 

4.1 Effects of the baryon masses 

In the preceding sections, we have seen an outstanding feature of the A-A^ loop contribution 
due to the time component of the axial-vector coupling term. On the other hand, the time com- 
ponent has been discarded in the usual nonrelativistic framework, where the spatial component 
plays an important role j51l 131] . Hence it should be interesting to get deeper insight about the 
role of the time component of the axial-vector coupling term. 

One of the authors (T. Muto) has given the expression for the self-energy involving the A-A^ 

loop within the nonrelativistic framework [511 154j . In that work, the static approximation in 

which baSSOEryons are at rest is used for the purpose of studying p-wave kaon condensation. 

In order to compare the present work with that, we apply the same static approximation, where 
®It should be noted that in Ref. |68l for example, the E~ hyperon has been taken into account in their 
consideration of the in-medium kaon properties and that the role of "kaesobar ", a linear combination of the K~ 
and Ti~ N~'^ particle-hole states through the p-wave interaction, has been discussed. Such other hyperons may 
have an important effect on the behavior of the low-lying collective modes. In this paper, however, we only take 
into account the A hyperon and clarify its effect on the kaon dispersion relation and onset mechanisms of p-wave 
kaon condensation within a simple situation. 
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the integrand of the AA^ ^ self-energy, Eq. (|14|) . is approximated to be the lowest-order term 
in the expansion with |p|/M*. In the static approximation, we take the single particle energy 
to be e„(0) = - Us{a) + Uo{a) {a = N,A), e^(0) = Ma - C/s(A) - Uo{A). Then, the kaon 
self-energy is given by: 

^K{qo;Q) = ^Pb\ f^, ^ + ^7^^ (21) 

2 \^eN{0) + £a{^) - qo- eN{0) - eA{0) - qo - iS j 

The first term gives the repulsive ^Q-dependent contribution from the anti-lambda, but its magni- 
tude is tiny. On the other hand, the second term gives the attractive Q^-dependent contribution, 
which is a major component within the static approximation. In Eq. (|21j) one can immediately 
see that the A particle contribution from the time component of the axial- vector interaction [the 
first term on the r. h. s. of Eq. ] does not exist because it is of order of 0(|pp/M*^) and 
is discarded in the static approximation. The absence of this term originates from the structure 
of the time component of the axial-vector coupling: 

UA{pA,SA)-f5-foUN{PN,SN) ~ + J^) ' ^Xs^, (22) 



where a is the Pauli matrix, Ua (a = A, N) is a Dirac spinor, and x is the Pauli spinor. 
Apparently, the time component of the axial-vector coupling gives no contribution in the static 
limit. 

Now we consider the term of order 0(|pp/M*^) in the kaon self-energy at Q = 0. Eq. (|17|) 
can be rewritten as 



UK{qo;0) = n^)(go;0)+nS^)(<7o;0 
7^ 2 /■ dpp^n{p) 



27r2'^0 7 EI{p)EUp 



N 



El{p)-E%{p)+ql-i5 



+ 



-El{p)E%{p)+p^-MlM*^ 



(23) 



El{p)+El,{p)-ql+t5 

where the first and second terms in the bracket on the r.h.s of Eq. (|23|) are the contributions from 
the A and anti-A excitations, respectively. Here we use the nonrelativistic description for the 
baryon energy as E^{p) = M* +p^/2M* (a = N,A), and neglect the anti-lambda contribution 
in Eq. H23|l . In this approximation the AA^^^ contribution to the kaon self-energy at Q = 
becomes 

where the single particle energies are e^'' (p) = Uoia) + M* +pV2M* (a = A^, A). This kaon 
self energy also has a divergent behavior as ReHxiqo'jO) ~ — ^o^ogko + ^£AAf(PF(A^))|i and 
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then the collective mode (Ks) with Q = also appears in this nonrelativistic framework in the 
restricted density region, ps = {2 — 3)po, where qq + Ae\iy{PF{^)) ~ 0. However, over the 
density ps ^ Spo, the contribution (pi]) becomes negligible, and the collective mode disappears 
(see the Appendix). 

If the effective baryon masses are kept near the free masses, this nonrelativistic expansion 
is available in the density region ps ^ 6po- In the nonrelativistic framework for p-wave meson 
condensation, the effective baryon masses have usually been set to be free masses 1^ IH7] . 
and the kaon energy, q^, is small: |go| < Q- Therefore the self-energy contribution coming from 
the time component of the axial-vector interaction has been neglected, and the p-wave kaon 
condensation can be well described with the static approximation. 

However this argument is not always valid in different kinematical conditions even in the 
nonrelativistic framework. When the kaon momentum becomes very small, the major component 
given in the static approximation becomes smaller, and the minor component coming from 
the time component of the axial-vector coupling becomes dominant (in the kinematical region 
I go I >> Q)- This is why the collective mode caused by the p-wave interaction appears even in 
the zero kaon momentum limit at some density interval. 

In the RMF theory the effective baryon masses decreases significantly, and the nonrelativistic 
expansion itself loses its validity. In Fig. 1^1 we plot the kaon self-energies at go = as functions 
of the kaon momentum, Q, at pb= 5 po in the non-static (solid line) and static calculations 
(dashed line) using the PM1-L2 mean- fields (a) and no mean- fields (b). We see that the static 
approximation cannot be used in the RMF approach, even in the finite momentum region — 
though the static approximation is available when the effective baryon masses are not too small. 
This can also be seen from the fact that the time component of the axial-vector current (|22|) 
becomes significant for the reduced effective nucleon mass. The importance of the time compo- 
nent of the axial-vector current in a many nucleon system (nuclear matter) is also well known 
as an explanation of the observed enhancement of the 0^— 0~ beta transition in the lead region 
of finite nuclei j^. The enhancement may be attributed to the decrease in the effective nucleon 
mass inside the nucleus. 

Thus the difference between our calculation and the static calculation is mainly seen around 
the kinetic region where the major component becomes zero. The small effective masses enhance 
this difference. This phenomenon also occurs in the energy denominator in the integrand of H^^, 
% — + £a- In Eq- (PT|) - the factor ReUx diverges at qq = — AeAAf(O), though in the non- 
static calculation it diverges at qq = —Ae\j\f{pF{N)) when Q = and does not diverge when 
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Q is finite. This difference is caused by tlie kinetic energies of tlie nucleon and lambda in tlie 
energy denominator. Then 11^^ exhibits significant diffetrence between the static and nonstatic 
calculations in the continuum region. In the study of the p-wave K~ condensation |511 154j 
the collective energy is sufficiently far from the continuum region, but we have to take care 
concerning this point in general studies. 

4.2 Hyperon (A)-mixing effect 

We have concentrated on the possiblity of kaon condensation in symmetric nuclear matter, 
where hyperons are not mixed and the total strangeness is constrained to be zero. In Sec. 13.31 
we have seen that the spatial component of the axial-vector coupling is not responsible for the 
onset of kaon condensation. On the other hand, in Ref. j54j . the role of the p-wave kaon-baryon 
interaction with a finite momentum Q has been studied in hyperonic matter, where hyperons 
are mixed in the ground state of neutron-star matter. It has been shown that the collective 
proton particle -A hole (pA^^) mode carrying the quantum number of K (corresponding to the 
Ks) appears in a density regime where the A fraction becomes larger than the proton fraction. 
At a certain density, KKg condensation occurs with a finite momentum, stemming from the 
attractive p-wave kaon-baryon interaction. 

If high-density matter, where many hyperons are mixed, is formed in hypernuclear experi- 
ments, kaon properties may also be modified through the nucleon particle-A hole loop. Before 
elucidating the hyperon-mixing effect in the strangeness-conserving case relativistically in future 
work, it is instructive to give here an outline of the onset mechanisms for p-wave kaon conden- 
sation in beta-equilibrated hyperonic matter, following the results of Ref. [^. We shall see that 
the effect of the spatial component of the axial-vector coupling may dominate over that of the 
time component in this case. 

First, for comparison, we recapitulate the result in Ref. ^51j for the case where hyperons 
are not mixed in the ground state of neutron matter, and consider the possibility of KKg 
condensation only taking the AA^^^ loop into account for hyperon excitations. In the static 
approximation, the p-wave part of the AA^~^ self-energy is written with the help of Eq. ()21|) as 



go + eA(0) -ejv(O) +i5 ' 



nr \^o; Q) = - „ , , L":"... , , (25) 



where pN is the nucleon number density. The anti-lambda contribution in Eq. H21[) is omitted. 



16 



The critical density for KKg condensation is given by the double-pole condition, 



ReZ?^i((?o;Q) =0 



(26) 



{qo;Q)/dqo = 



(27) 



together with minimization of ReD^ {qo; Q) with respect to Q, 








(28) 



with the use of Eq. At a critical point for KKs condensation, go = —^k{Ks) = ujk{K) = 

0{mK) ('^ 500 MeV), since the attractive interaction due to the KN sigma term is compensated 
by the repulsive vector interaction (the TW term) for the kaon energy ujk{K) and by the 
second-order effect on the kaon self-energyjS]. Also one can assume e\{Q) — eAr(O) > 0, since 
we suppose the A is not mixed into the ground state of neutron matter. Then, the critical 
density for KKs condensation with a finite momentum is roughly estimated from Eq. (|28|) as 
Pc{KKs) = {uJK{K)+eA{0)—eN{0))/ f'^ > 9 po- As for KKs condensation, thep-wave interaction 
with a finite momentum is not effective enough to overwhelm the kaon kinetic energy, and the 
condition ()28() is met only for high densities. This means that KKs condensation in neutron 
matter is unlikely to occur with a finite momentum Q over the relevant densities. Instead, 
s-wave K~ condensation, induced by the sigma and TW terms, proceeds in normal neutron 
matter This result should be compared with that of p- wave pion condensation, where the 
p-wave ttN attractive interaction is dominant in comparison with the s-wave interaction. In 
neutron matter, the p-wave part of the vr^ self-energy comes from the proton particle-neutron 
hole excitation and is written in the static approximation as Iln{qo;Q) = 2{fTrNNQ)'^ Pn/qo, 
where f-j^NN = fTrNN/mn with fnNN{~ 1) being the vrA^ coupling constant and the pion 
mass. In the same way as KKs condensation, the critical density for vr^7r+ is estimated as 
Pc(7r"7r+) = -t^7r(7r+)/(2/2^^) ~ pQ, where w^(vr+) = -6j^(7r-)=-0(m^)[nni EH- As a result, 
TT^vr^ condensation occurs with a finite momentum at a rather low density. 

Now, we consider the case of hyperonic matter. For simplicity, we assume only the A's are 
present as hyperons in neutron matter. Then both the AA^~^ and A^A^^ loops contribute to the 
kaon self-energy. In the static approximation, one obtains 



with p\ being the A number density. In addition to the double-pole condition, H26() and (\27\i 
with the AA~^ and AA~^ contributions to the kaon self-energy H29jl . the minimization condition 



^K{qo;Q) = n; 



{qo;Q) 



f'QHPN-pA) 



(29) 



qo + eA{0)-eN{0)+i6 
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for the kaon inverse propagator with respect to Q is written as 

dReD^^{qQ-Q)/dQ = -2Q 

In case of KKg condensation, the pole energy at a critical point must be of 0{mK) as seen 
above. From the condition for chemical equilibrium, = fij\f, with respect to the weak pro- 
cess, A ^ Ni'i/, which is maintained in hyperonic matter, one can estimate eA(0) — 6^(0) = 
PF{Nf /{2Ml^) -pf{A)'^/{2MI) = -0(10 MeV) with pf(A) being the Fermi momentum of A. 
The denominator of the second term in the middle part of Eq. ()3U() is of 0(mx), so that the 
p-wave contribution to the kaon self-energy cannot be comparable with the kaon kinetic energy 
over the relevant densities. Thus, in this case, it is also difficult to meet the condition (|,3flj) for 
KKg condensation. 

On the other hand, in case of KKg condensation, the double-pole condition renders qo = 
lok{Ks) = —iVK{K)=—0{\Q MeV), since the K energy is significantly reduced from the free kaon 
mass due to the attractive s-wave scalar and vector interactions. Together with the estimate 
that eA(0) — eAr(O) = —0(10 MeV), one can see that the A^A^^ contribution to the self-energy 
from the p-wave attractive interaction easily becomes large enough to satisfy the condition 
H3U|) with a finite momentum Q, provided that the A is much abundant than the nucleon, i.e., 
PA > Pn- At a critical point for KKs condensation, one finds from Eq. (|30() that — PA = 
{ujk{Ks) + eA(0) — ej\[{0))/ f^. For a numerical example, one obtains pc{KKs)=3.7 po at Q= 
112 MeV/c and tij/^(i^s)=— 34 MeV for p^/ Pb=0-^ and pj\f / pb=0A7 Hence, the p-wave kaon- 
baryon interaction from the spatial component of the axial-vector coupling plays an important 
role in the realization of KKg condensation in hyperonic matter. 

It is concluded within the nonrelativistic approach that the p-wave interaction coming from 
the spatial component of the axial- vector interaction is responsible for the onset and subsequent 
growth of the collective mode through the large A-mixing in the chemically-equilibrated matter. 
It is interesting to examine whether the consequences of the hyperon-mixing effect may also 
be applied commonly to the strangeness-conserving system within the RMF theory. The Kg 
state carrying the same quantum number as the K may appear as a low-lying collective mode 
generated through the A^A~^ loop. Then, there is a possibility of KKg condensation, whose 
mechanism is similar to that of charged pion (7r^7r+) condensation |66l I67j. The strangeness- 
conserving system may also become unstable with respect to Kg condensation through the 
^The A-mixing ratio, pa/pb, in beta-equilibrated neutron star matter is not well known, because it depends on 
the specific models of the hyperon-nucleon and hyperon-hyperon interactions, in particular, at high densities |4til 
1171 1151 Bni 130] . 



J [PN- PA) 
an -\- F^(0) - f:at(0). 



(30) 
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process, A ^ + Kg, where the Kg state appears in the continuum region as an imaginary 
solution of the dispersion equation, D'^^ {qo;Q)=0. This mechanism is similar to that of vr'' 
condensation jnni EZI ■ 

5 Summary and concluding remarks 

We have investigated the kaonic collective modes in high-density symmetric muclear matter 
by introducing the A-A^ loop as well as the usual s-wave KN interactions (the KN sigma term 
and the TW term) within the RMF theory. We have obtained two kinds of kaonic collective 
modes. Kg and Kg states, whose quantum numbers are the same as those of K and K, re- 
spectively. One of these two collective modes. Kg, does not manifest as a physical mode in 
zero strangeness nuclear matter because its pole energy always exists in the continuum region. 
The appearance and growth of the Kg state is attributed to the time component of the axial- 
vector kaon-baryon interaction, which has a large contribution to the kaon self-energy in the 
RMF theory, due to the fact that the effective baryon masses get very small for high baryon 
number densities. This result contrasts with the conventional nonrelativistic results on the p- 
wave pion/kaon condensations: In the nonrelativistic framework, the time component of the 
axial-vector interaction is of 0{pf{N)'^ /M'^), so that it has a negligible effect on the meson 
self-energy. It has also been shown that the p-wave kaon-baryon interaction with a finite kaon 
momentum cannot assist the appearance of the Kg state in nuclear matter, because it is not 
attractive enough to overwhelm the energy increase due to the meson kinetic energy term. 

Based on these results for the kaon properties in a medium, we have discussed the possibility 
of kaon condensation in high-density symmetric nuclear matter. We have found an instability of 
the system with respect to KKg pair condensation. The driving force for KKg condensation is 
brought about by the time component of the axial-vector kaon-baryon interaction, which works 
uniquely as a large attraction in the RMF theory. In this condensation, the p-wave interaction 
coming from the moving nucleon, which is neglected in the usual static approxmation, plays an 
important role. On the other hand, the moving kaon tends to hinder this condensation. Then 
the KKg pair condensation appears only in the kinematical region where the kaon momentum 
is much smaller than the absolute value of the kaon energy, |go| >> Q- The above argument 
is not special in RMF. The small effective mass in dense matter, however, increases the baryon 
velocity and enlarges effects from the nucleon Fermi motion. 

In this work, in-medium kaon properties have been considered in nuclear matter, where 
the lambda hyperon is not mixed in the ground state of matter. We may encounter another 
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situation when we consider collective kaonic modes in matter where hyperons are largely mixed 
in the ground state. In this case, the role of both the time and spatial components of the axial- 
vector interaction should be examined in detail. We also note that for the relativistic models 
considered here (which are similar to QHD) the decrease of mjv with density is much stronger 
than in models of the QMC type |65[ l71j. It will be very interesting to explore the consequences 
of such models for the phenomenon of pair condensation found here. 

Finally, we comment on the possibility of kaon condensation in high-energy heavy-ion col- 
lisions. The process we suggest in this work is consistent with the two experimental results 
in SPS energy region, namely observation of the elliptic flow !69 and the drastic enhancement 
of the production [72]. The elliptic flow shows the repulsive potential in high density 
matter, and the drastic enhancement of production may indicate a large suppression of the 
KK^ pair production energy there. Of course there is still controversy at present about how 
the system reaches thermal equilibrium and to what extent the density and/or temperature 
are raised. Numerical simulations have shown that baryon density is in the range pB= 7 — 10 
po can be achieved in the high-energy heavy-ion collisions at beam energies of several tens of 
GeV/u j73l I74j . Experiments for our work must be available in future facilities of J-PARC at 
JAERI/KEK and FAIR at GSI [ZSI- In this case, the system is expected to be quasi-equilibrium 
for a duration of about 4 — 8 fm/c with temperature T ~ 120MeV [73], which is still below the 
pion mass. Hence, it is plausible that KKg condensation may occur in the high-density regime. 
However, in real experimental situations the system is strongly non-equilibrium, and a lot of 
resonant particles such as delta are produced in the compressed zone of the collisions. Thus, the 
model should eventually be extended to treat such non-equilibrium systems. 

Some transport models j76| I77j showed that in-medium modification of kaon properties plays 
an important role in heavy-ion collisions in 1.5 — 2.0 GeV/u energy region, where the baryon 
density is estimated to be achieved to be only 2 — 4/9o [SB- Then, heavy numerical simulations for 
several ten GeV/u must be performed in order to conclude whether or not this phenomenon can 
be observed in heavy-ion collisions. One of the promising methods for this purpose is the RBUU 
approach [13] [^ [TS] [75] . But in this case, we also need to introduce the momentum-dependence 
for the mean- fields in the high-energy region |611 179j . 

In relation to the in-medium modification of kaon properties, the role of the A(1405) as a KN 
bound state has been extensively studied |^ QUI IHTl 15^ 031 131] . In particular, self-consistent 
calculations of the K self-energy have been done with inclusion of both the Pauli-blocking for 
the nucleon and attraction coming from the modification of K~ in the intermediate states. 
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Subsequently, the effect of the K self-energy built on the K spectral density on the observables 
such as /K^ ratio in heavy- ion collisions has recently been discussed [HOI- It is interesting to 
include the effects of the A(1405) and other subthreshold resonances in the K self-energy within 
our framework and to discuss their implications for heavy-ion collision experiments in future 
work. 

All discussions up to now are reasonable under the assumption that the quark degrees of 
freedom do not affect the matter properties. If the system goes to the quark-gluon-plasma 
(QGP) phase, we have to consider a different scenario. Even in such a case, kaon condensation 
may play an important role for the strange particle production processes; this phase may appear 
before or after the QGP phase stage. However, it is beyond the scope of the present study. 
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Appendix 

In order to figure out how the unphysical mode Kg appears as a solution to the dispersion 
equation ReDj^^((7o; 0)=0, we consider the inverse propagator Dj^{qQ;Q) in the complex 
plane. For this purpose, however, the relativistic expression should not be relevant because the 
integration cannot be done analytically there. Since, as mentioned in the text, the appearance 
of the Ks and Kg branches is independent of the relativistic approach, we discuss the Kg pole 
by the use of the nonrelativistic expression without loss of essential point in this Appendix. 

The contribution from the A-A^ loop to the kaon self-energy at Q=0 is given in the text as 
Eq. (|24j) . For simplicity, we take the free baryon masses instead of the effective masses and 
discard the baryon potentials U{a) (a = A, A^). Then the single-particle energy is written as 
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Eaip) = Ma + p^/{2Ma), and Eq. (PU renders 

2 

RpF{Nf{l + z' + lzHn^) , (31) 

where R = (Ma - Mn)/{2MaMn), and z = [(go + Ma - MAr)/i2]i/VPF(A^)- As seen from 
the integrand of Eq. (|24() . the self-energy 11/^ ((/o; 0) has a cut in the complex qq plane with the 
interval, — AeAAr(O) < qo < —AeA]\f{PF{N)), i-e., < z < 1, where decay of the nucleon into the 
A and the kaon is kinematically allowed. Owing to the existence of the cut along the real axis, 
the imaginary part of the kaon inverse propagator, ImL'^^(go; 0), becomes discontinuous across 
the cut. 

The pole energies Co of the kaonic modes are obtained as the solutions to the dispersion 
equation, Dj^^{qQ;0) = 0, i.e., KeD]^^ (go; 0) = ImD^^(go;0) = in the complex qo plane. In 
Fig. [7| we show the contour lines satisfying KeD^^{qQ;0) = with the solid lines and those 
satisfying lmDj^^{qQ;0) = with the dashed lines at pB=2.5 po for (a), 2.53 po for (b), and 2.6 
po for (c). The bold bar along the real qo axis denotes the continuum region. One finds that 
there are only the real solutions for the dispersion equation, corresponding to the K, Kg and K 
(The K state is not depicted in the figure.). It should be noted that in the continuum region 
where ImD'^^{qQ + i5; 0) 7^ 0, there appears an unphysical solution obtained only from the zero 
of the real part of the kaon inverse propagator, ReDj^^(go; 0) = 0. This solution corresponds to 
the Kg. However, this Kg state does not really exist as a real solution to the dispersion equation, 
Dk^{Qo'} 0) = 0, nor even as a complex solution on the physical sheet of the qo plane. 

From Figs. [7| (a) — (c), one can also see that the order of the K and Kg states is exchanged 
within a small density interval: Below the density pB=2.53 po, the K state lies lower in pole 
energy than the Kg state [Fig. I7|(a)]. Just above this density, the closed solid contour, which is 
relevant to the collective Kg and Kg states, is connected outside the real axis with the open solid 
contour which is relevant to the K state. With further increase in density, the K state is trans- 
ferred to the location lying higher in pole energy than the Kg state [Fig. [7| (c)] . Subsequently, 
the area of the closed contour gets small as density increases, and it disappears at a certain high 
density, where both the Kg and Kg states disappear and only the K and K states persist over 
the high densities. In Fig. |S1 we show the density-dependences of the pole energies iv with the 
zero momentum transfer ((5=0), obtained from the dispersion equation Re D^{qQ-^ 0)=0, by the 
solid line. For comparison, those for which the AA^^^ contribution to the self-energy is put to be 
zero is shown by the dashed line. The dotted lines represent the two boundaries, go = —A^an{^) 
and go = —A^kn{pf{N))^ of the continuum region. There appears an apparent branch of the 
Kg mode in the continuum region for pB=2—3 pQ. This unphysical state disappears together 
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ni^(go;Q = 0) 



/ / Mtv + Ma x go 
27r V Mat Ma / R 



with the Kg state at ~ 3 pQ. Therefore, the onset of pair condensation at pb= 4.1 /?o is 
caused by the K and K states in the nonrelativistic case, where the effective baryon masses are 
taken to be the free masses. It is to be noted that the onset of KK condensation is essentiaUy 
determined by the s-wave interactions brought about by the KN sigma term and the TW term 
and that the AA^^^ contribution to the kaon self-energy given by Eq. (|3H) is hardly effective 
around this critical density. 
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Figure 1: Density-dependence of tlie pole energies of the kaon propagator with zero momentum uj using 
the parameter-sets PMl-Ll (a) and PM1-L2 (b). The sohd and dashed hues sliow uj with the A-A^ loop 
and without it, respectively. The open circles denote the points at cD = 0. The meanings of the dotted 
[thin-dotted] {thin-long-dashed} lines are explained in the text. 
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Figure 2: The real part of the self-energy due to the A-A^ loop, Rellx with zero momentum (5 = with 
the parameter set PMl-Ll for pB = 4.1/9o (a), 6po (b) and Spo (c) (the solid lines) . The dashed lines 
represent Aj^(go;0). The dotted lines indicate the energies go = — A£ajv(0) and go = — ^^KN^piJ^y)- 
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Figure 3: Density-dependence of the kaon energy witli zero momentum wk{0) with the parameter- 
set PMl-Ll. The solid, chain-dotted and dashed lines represent results for K, K and Kg {s = — 1), 
respectively. 
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Figure 4: The kaon dispersion relations with the PM1-L2 parameter set at ps = ipo (a) and 5 po (b). 
The solid and dashed lines show the kaon energies with and without the A.-N loop, respectively. For 
reference, the energy of the free kaon is shown by the chain-dotted line. The area surrounded by the two 
dotted lines indicates the continuum region where the kaonic states are unstable. 
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Figure 5: The real part of the self-energy from the A-A^ loop, Rell/f with the PM1-L2 parameter set at 
Pb= 4.5 Po (the solid lines). The momentum is taken to be Q = MeV/c for (a), 30 MeV/c for (b), and 
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Figure 6: The momentum dependence of the real part of the kaon self-energy at zero energy transfer 
go = 0, for pb= 5.0 po using the parameter-set PM1-L2 (a), and no mean-fields (b). The solid and dashed 
lines represent the results in the present approach (relativistic and non-static), and the static approach, 
respectively. 
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Figure 8: The density-dependence of the pole energies w with the zero momentum transfer ((5=0), 
obtained from Re D]^^{q(,;O)=0 in the nonrelativistic Hmit. For comparison, those for which the AN~^ 
contribution to the self-energy is put to be zero is shown by the dashed line. The dotted lines represent 
the two boundaries, qo = — AeAJv(O) and qo = —AeAN{pF{N)), of the continuum region. 
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